Introduction {#sec1}
============

Semiconducting colloidal quantum dots (CQDs) offer numerous advantages as bottom-up engineered building blocks for a diverse range of optoelectronic applications that include thin-film transistors (TFTs),^[@ref1]−[@ref4]^ light-emitting devices,^[@ref5]−[@ref9]^ photovoltaics,^[@ref10]−[@ref13]^ and thermoelectrics,^[@ref14]−[@ref16]^ to name a few. Their solution processability enables facile device fabrication that is compatible with a variety of scalable and cost-effective manufacturing techniques, making CQDs a promising family of electronic materials for use in large-area electronics.^[@ref17]−[@ref20]^ Fabrication of CQD devices, particularly TFTs, has so far relied on conventional thermal annealing.^[@ref21]−[@ref23]^ Despite its widespread use, thermal annealing is far from optimal as it is unable to remove entirely the insulating organic residues (ligands, solvent molecules, etc.) trapped in the layer following deposition, which often adversely affects charge transport.^[@ref24]−[@ref26]^ Annealing at higher temperatures (\>140 °C) can help to alleviate the issue of organic residues but often at the expense of quantum confinement (due to aggregation of CQDs) and transistor performance.^[@ref27]−[@ref29]^ Besides, high-temperature annealing of CQD layers limits the compatibility of the technology with inexpensive and temperature-sensitive substrate materials (e.g., polymers), thus further restricting the potential economic benefits associated with large-area manufacturing.

In CQD solids, charge carrier transport is mainly influenced by the chemistry of capping ligands employed.^[@ref30]^ Of particular interests are halide salts, such as methylammonium iodide (MAI), which have been used extensively to replace bulky oleic acid (OA) ligands and enhance charge carrier transport in the CQD layer.^[@ref30]^ The atomic size of iodides provides an excellent surface passivation for CQDs, leading to n-channel transistors^[@ref26],[@ref30]^ and efficient solar cells.^[@ref25]^ Unfortunately, in the case of TFTs, the use of iodide ligands has so far yielded devices with relatively low charge carrier mobility (∼10^--2^ cm^2^ V^--1^ s^--1^), a result attributed to the presence of insulating organic ligands in the channel layer following ligand exchange.^[@ref26],[@ref31]^ Longer thermal annealing at higher temperatures can remove the organic residues but results in other unwanted effects such as fusion of CQDs.^[@ref26]^ Because of these challenges, the development of facile post-processing steps that can remove organic residues while preserving the low-dimensional nature of the quantum dots is timely.

Here, we report on ultrafast processing of lead sulfide (PbS) CQD films using flash lamp annealing (FLA). The latter resembles laser annealing, but it is easier to upscale, it is rapid, and has been used successfully for the development of various TFTs and integrated circuits.^[@ref32]−[@ref39]^ Although the process relies on microsecond- to-millisecond-long optical pulses, we find that it can suppress the concentration of organic residues while maintaining quantum confinement in the PbS CQD layer. Fine-tuning the energy density of the optical pulse results in bottom-gate, top-contact (BG-TC) transistors with an electron mobility of 0.2 cm^2^ V^--1^ s^--1^, a significantly higher value than that obtained for control PbS CQD TFTs (≈10^--2^ cm^2^ V^--1^ s^--1^) processed via thermal annealing. Analyses of the chemical and optical properties of FLA-treated PbS CQD layers reveal the presence of a reduced concentration of organic residues and undercharged lead (Pb) atoms. By switching to a top-gate, bottom-contact (TG-BC) transistor architecture and using poly(methyl methacrylate) (PMMA) and ion gel as the gate dielectrics, we are able to obtain PbS CQD-based TFTs with maximum electron mobility values of 0.48 and 3.74 cm^2^ V^--1^ s^--1^, respectively.

Results and Discussion {#sec2}
======================

PbS CQDs were first functionalized with long-alkyl-chain oleic acid (OA) ligands as they are known to enhance the solubility and stability of the resulting solutions in a broad range of organic solvents. Once assembled onto solid films, OA ligands are replaced with shorter ones bringing CQDs closer to each other, thus enhancing the electrical conductivity of the film. Here, we used methylammonium iodide (MAI) as the short ligands composed of methylammonium and iodide as cation and anion, respectively. Due to the Pb-rich characteristics of the PbS CQD surface, the iodide anion attaches to the CQD surface, as illustrated in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a. Deprotonated OA and methylammonium (MA) cations are expected to be removed during film deposition and post-processing steps. The deposition of the PbS CQD films was performed via the layer-by-layer (LbL) method, as illustrated in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b.

![(a) Schematic depicting the ligand exchange in PbS CQDs used in this work. (b) Schematic depiction of the layer-by-layer film deposition process employed for the fabrication of PbS CQD TFTs. (c) Schematic of the flash lamp annealing (FLA) step of PbS CQD layers. (d) Transfer and (e) output characteristics of PbS CQD TFTs prepared via FLA using the pulse length of 300 μs with the optical energy density of 2.2 J cm^--2^ each.](am0c06306_0001){#fig1}

It has been previously shown that the removal of the organic residues leads to the transition from thermally activated behavior to bandlike transport in CQD films.^[@ref16],[@ref40]^ Ellipsometry measurements suggest that thermal annealing is indeed effective in removing the organic residues and trapped solvent ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c06306/suppl_file/am0c06306_si_001.pdf) in the Supporting Information). The PbS CQD films with OA ligands exhibit a low refractive index, which is an inherent optical property of organic molecules (OA ligands). Following MAI ligand exchange, the refractive index of the films increases significantly, indicating the successful removal of OA ligands and densification of the PbS CQD layer. The refractive index of the latter increases further upon annealing at 200 °C due to further decomposition and shrinkage of the organic residues. However, thermal annealing at this temperature induces aggregation of the PbS CQDs and suppression of the characteristic quantum confinement. As shown in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c06306/suppl_file/am0c06306_si_001.pdf) (Supporting Information), this effect leads to a notable increase in the channel off-current with a detrimental effect on transistor's performance, hence making the layers unsuitable for TFT applications.

In our effort to decouple the need for high-temperature annealing and the loss of channel current modulation, we employed FLA as a post-deposition processing step to realize PbS CQD TFTs ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c). Exposing the PbS CQD layer to a short (\<1 ms) but a high-energy pulse of xenon light leads to rapid heating of the CQD layer, leading to the evolution of high-temperature profiles across it for a very short time scale, while maintaining the substrate close to room temperature. To test the applicability of the FLA as a post-deposition step, we first applied FLA on PbS CQD TFTs by subjecting the devices to 60 consecutive pulses with a relatively low optical energy density (2.2 J cm^--2^ per pulse) and a pulse duration of 300 μs. The transfer characteristics of the resulting PbS CQD TFTs are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d. The devices exhibit clear n-channel behavior and excellent current modulation but with notable hysteresis between forward and reverse gate voltage (*V*~G~) sweeps. The clockwise direction of the hysteresis indicates electron trapping of injected electrons by trap states that are still present in the channel, and will be discussed later. To estimate the electron mobility (μ) in the transistors, we used the gradual channel approximation model in the linear regime given aswhere *W* and *L* are the channel width and length, respectively, *C*~*i*~ is the capacitance per unit area (which is measured independently for each gate dielectric material used), *V*~DS~ is the source--drain voltage, *I*~DS~ is the source--drain current, and *V*~G~ is the gate voltage. Fitting [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} to the linear transfer curve yielded an electron mobility value of 0.05 cm^2^ V^--1^ s^--1^. This value is comparable to that of CQD TFTs prepared via thermal annealing at 120 °C for 30 min ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c06306/suppl_file/am0c06306_si_001.pdf)). Importantly, TFTs processed via rapid FLA exhibit higher channel current and significantly smaller hysteresis than the devices prepared via thermal annealing at 120 °C ([Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}e and [S3](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c06306/suppl_file/am0c06306_si_001.pdf)).

To obtain optimal device performance, we varied the energy density of each optical pulse from 2.2 to 4 J cm^--2^, as it was found to be the parameter with the greatest influence. As shown in the transfer characteristics of [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a, the channel current gradually increases with increasing the optical energy density up to 3.25 J cm^--2^, followed by a monotonic decrease for \>3.25 J cm^--2^. The evolution of electron mobility as a function of optical energy density is shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b. A maximum electron mobility value of 0.2 cm^2^ V^--1^ s^--1^ is achieved in PbS CQD TFTs subjected to 3.25 J cm^--2^. This mobility is approximately a factor of 4 higher than that obtained for thermally annealed transistors (30 min annealing duration at 120 °C). [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c displays the representative transfer characteristics of optimized devices processed with an optical energy density of 3.25 J cm^--2^. It can be seen in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d that the resulting PbS CQD TFTs exhibit reduced operating hysteresis and low off-current (see [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c06306/suppl_file/am0c06306_si_001.pdf) in the Supporting Information for the hysteresis of the devices treated with different optical energy densities). These results highlight the potential of FLA as an alternative to the conventional thermal annealing technique for the rapid manufacturing of PbS CQD TFTs and other potential devices such as photovoltaics, photodetectors, and thermoelectrics.

![(a) Transfer characteristics in PbS CQD TFTs with different optical energy densities (shown in the legend), (b) electron mobility in PbS CQD TFTs as a function of optical energy density. Representative transfer (c) and output (d) characteristics for PbS CQD TFTs processed using an optical energy density of 3.25 J cm^--2^. In comparison to the devices treated with a lower flashing energy in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d,e, FLA at 3.25 J cm^--2^ significantly suppresses the operating hysteresis of the devices.](am0c06306_0002){#fig2}

Further insight into the optothermal dynamics across the TFT structure during FLA was obtained using coupled optical and thermal simulations ([Figure S5a--c](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c06306/suppl_file/am0c06306_si_001.pdf)). Further details on the methodology employed are provided in the [Methods](#sec4){ref-type="other"} and [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c06306/suppl_file/am0c06306_si_001.pdf) sections. We find that under a maximum fluence of 4 J cm^--2^, each successive 0.3 ms pulse causes an instantaneous temperature increase (Δ*T*) in the PbS CQD film of about 80 K above the average device temperature ([Figure S5d,e](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c06306/suppl_file/am0c06306_si_001.pdf)). The device temperature, on the other hand, is determined by the heat conduction between the back-side of the device and the holder. If we assume a back-side convection flux *j* = *h*Δ*T*, with *h* = 100 W m^--2^ K^--1^ (an approximate value for forced air cooling), then the device's long-time average saturation temperature is 230 K (established after 30 consecutive pulses at 1 Hz) ([Figure S5f](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c06306/suppl_file/am0c06306_si_001.pdf)). Under these conditions, the PbS CQD layer is expected to experience a maximum Δ*T* of approximately 310 K. In reality, however, our sample rests on a metallic holder, and a higher convection flux should exist. If we assume an upper limit for *h* = 1000 W m^--2^ K^--1^, then this yields a long-time average saturation temperature for the device of 23 K (i.e., Δ*T* ≈ 100 K for the PbS CQD layer). Evidently, controlling the back-side cooling offers a method for tuning the annealing temperature within the device during FLA. Such an additional parameter could provide improved control over the processing temperature during FLA.

To understand why PbS CQD TFTs treated with 3.25 J cm^--2^ exhibit optimal electrical performance, we analyzed the surface topography of the CQD layers using atomic force microscopy (AFM) ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c06306/suppl_file/am0c06306_si_001.pdf)) and scanning electron microscopy (SEM) ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c06306/suppl_file/am0c06306_si_001.pdf)) measurements. No significant changes in the layer topography are observed in the topographical AFM images, as evidenced by the similarity in the root-mean-square (RMS) surface roughness of the different films ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c06306/suppl_file/am0c06306_si_001.pdf)). All layers contain voids that most likely form during solvent evaporation and drying. Similarly, the SEM images also fail to reveal any stark differences in the layer morphologies before and after FLA ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c06306/suppl_file/am0c06306_si_001.pdf)). Attempts to study the structural properties of the FLA PbS CQD layers using transmission electron microscopy (TEM) proved unsuccessful due to our inability to deposit the semiconductor and to perform FLA directly on the TEM grid. Despite that, the AFM and SEM results suggest that the improved electron mobility cannot be attributed to the morphological changes occurring within the PbS CQD layers during FLA.

To gain further insight into the effect of FLA on the PbS CQDs, we studied the optical properties of the resulting films using spectroscopic ellipsometry. The measurements were conducted on similar n-Si^++^/SiO~2~ wafers used to build the TFTs, so a comparison between optical and electrical measurements could be made. The refractive index (*n*) of the films following FLA with a different optical energy density is shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a. The refractive index of the PbS CQD films with OA ligands significantly increases after MAI ligand exchange because of OA removal and film densification. Increasing the optical energy density increases the refractive index of the layers, which indicates suppression of organic residues within the layers. Importantly, the application of a short FLA step appears equally capable of removing organic residues as thermal annealing the sample for 30 min. The measured reduction in organic residues is believed to be the primary reason for the increased electron mobility obtained at an optical energy density of 3.25 J cm^--2^. Similar observations have been reported previously for metal oxide nanoparticle TFTs using different post-deposition treatments.^[@ref41],[@ref42]^

![(a) Refractive index (*n*) in PbS CQD films after flashing at different optical energy densities. (b) Absorption spectra of PbS CQD films before and after flashing with 3.25 J cm^--2^. The inset shows the absorption of PbS CQD films with OA ligands. The increased absorption observed at a longer wavelength in (b) (\>1100 nm) is attributed to parasitic absorption by the Si^++^/SiO~2~ wafer used as the substrate (see [Methods](#sec4){ref-type="other"}). (c) The evolution of transfer characteristics and (d) the carrier trap density and subthreshold swing (SS) in PbS CQD-based TFTs at higher flashing energy densities (3.25--4 J cm^--2^). The lines are a guide to the eye.](am0c06306_0003){#fig3}

At this point, it is important to understand how rapid FLA results in an effective suppression of organic residues while concurrently preserving the low off-current in the channel. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b displays the absorption spectra of the PbS CQD films before and after FLA with 3.25 J cm^--2^. The as-prepared PbS CQD films with OA ligands (inset in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b) exhibit a strong quantum confined excitonic peak at around 948 nm. After ligand exchange with MAI, a red-shift of ≈50 nm in the excitonic peak is observed, indicating the successful replacement of OA ligands with atomic-sized iodide. The slightly increased absorption observed at longer wavelengths is attributed to parasitic absorption by the Si^++^/SiO~2~ substrate used for the ellipsometry measurements. Critically, the excitonic peak is still present with a negligible red-shift following FLA, which indicates preservation of quantum confinement. Additional supporting evidence comes from the photoluminescence (PL) measurements shown in [Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c06306/suppl_file/am0c06306_si_001.pdf), where no significant changes in the PL spectra of PbS CQD layers can be observed before and after FLA with different optical energy densities. The results highlight the ability of FLA to remove the organic residues from the CQD layer while preserving the low-dimensional nature of the system.

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b shows that electron mobility in PbS CQD TFTs decreases upon FLA with energy densities \>3.25 J cm^--2^. To investigate the origin of this effect, we plotted the transfer characteristics of PbS CQD TFTs subjected to optical energy densities above this critical level ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c). We find that the subthreshold swing (SS) of the FLA-processed transistors increases when treated at \>3.25 J cm^--2^, accompanied by a larger operating hysteresis ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c06306/suppl_file/am0c06306_si_001.pdf)). The latter observation suggests the formation of excess trap states in the semiconducting channel. From these data, we were able to estimate the electron trap density (*N*~traps~) for each transistor usingHere, *e*, *k*~b~, and *C*~*i*~ are the elementary charge constant, Boltzmann constant, and dielectric capacitance, respectively.

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d shows the calculated *N*~traps~ versus the applied optical power density. The trap concentration increases with increasing optical energy density above 3.25 J cm^--2^, which may account for the mobility drop observed in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b. The evolution of *N*~traps~ in TFTs treated with \<3.25 J cm^--2^ is shown in [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c06306/suppl_file/am0c06306_si_001.pdf). Evidently, the trap concentration reaches a minimum in PbS CQD TFTs treated with 3.25 J cm^--2^, which agrees with the highest electron mobility achieved. The higher *N*~traps~ measured at \<3.25 J cm^--2^ is most likely the result of interaction between organic residues and injected electrons in the channel.^[@ref43]^ Based on these results, we conclude that FLA with a xenon flash lamp can be used to reduce *N*~traps~ and improve long-range charge transport across the PbS CQD channel.

Another extrinsic effect that could account for the electron mobility drop seen upon high optical energy treatment is the change in the stoichiometry of the PbS CQDs. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c presents the transfer characteristics of PbS CQD transistors, which reveal a systematic shift toward more positive V~G~ with increasing optical energy density. The latter indicates a systematic reduction in the carrier concentration in the channel. To rationalize this observation, we performed X-ray photoelectron spectroscopy (XPS) measurements on PbS CQD films before and after FLA. Iodide-capped PbS CQD films exhibit two iodide (I 3d~3/2~ and 3d~5/2~) and sulfur core levels (S 2p~3/2~ and 2p~5/2~), as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a,b. No significant change in the XPS spectra of the core levels is observed upon flashing, indicating that the iodide and sulfur compounds remain unaffected. On the other hand, the intensity of carbon core levels (C 1s) decreases following FLA ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c), suggesting a reduction in the concentration of organic residues.

![XPS spectra of (a) I 3d, (b) S 2p, (c) C 1s, and (d) Pb 4f chemical states before (red dashed line) and after FLA (dark blue line).](am0c06306_0004){#fig4}

The XPS measurements also reveal two chemical states of Pb core levels with two additional shoulders ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d). These two shoulders originate from undercharged Pb, which can be the source of electron trap states.^[@ref44],[@ref45]^ Photonic treatment of the PbS CQD layers reduces the intensity of the shoulders ([Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c06306/suppl_file/am0c06306_si_001.pdf)), which may account for the improvement in electron mobility observed in TFTs treated with 3.25 J cm^--2^. Subjecting the PbS CQD layer to a light pulse intensity of \>3.25 J cm^--2^ dramatically reduces the intensity of these shoulders, an effect most likely related to further ablation of Pb atoms from the surface of the PbS CQDs. If true, such a process is expected to result in a Pb-deficient PbS CQD surface, a hypothesis supported by energy-dispersive spectroscopy (EDS) measurements shown in [Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c06306/suppl_file/am0c06306_si_001.pdf). To this end, it has been previously shown that in the case of PbS CQDs, a Pb-rich surface results in n-type conduction.^[@ref46]^ Thus, reducing the Pb concentration is expected to alter the electronic properties of PbS CQDs with adverse effects on electron transport, which is experimentally seen in [Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b and [3](#fig3){ref-type="fig"}c. Creation of dangling bonds on the PbS CQD's surface, occurring upon Pb ablation, could act as scattering sites and lead to increased trapping, which could in turn explain both the increasing SS ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c,d) and mobility degradation ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b) upon exposure to high-energy-density light pulses. Based on the experimental findings presented so far, we conclude that PbS CQD layers subjected to optical energy densities below 3.25 J cm^--2^ lead to higher trap concentrations and degraded electron transport, primarily due to the presence of organic residues (i.e., MA^+^ and OA^--^). Exposing the PbS CQD to \>3.25 J cm^--2^ results in the ablation of Pb atoms from the surface of the quantum dots, resulting again in reduced electron transport in line with previous reports.^[@ref46]^ Thus, balancing the influence of these two limiting processes yields transistor with optimal operation, which for PbS CQDs appears to take place for a light energy density of 3.25 J cm^--2^.

The device data presented and analyzed so far were obtained from BG-TC PbS CQD transistors utilizing SiO~2~ as the gate dielectric, which is known to exhibit a large concentration of surface trap states due to the existence of dangling bonds and its generally more natural surface.^[@ref2],[@ref4]^ Since TFTs are interfacial devices, the charge carrier transport dynamics in the channel are strongly influenced by the properties of the dielectric/semiconductor interface. In an effort to reduce the adverse effects of interface trapping, we fabricated top-gate, bottom-contact (TG-BC) TFTs using a polymer gate dielectric, namely, PMMA ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a). The top-gate TFT architecture allows conformal coating of the solution-deposited polymer dielectric directly onto the PbS CQD channel, which has been shown to enhance the coupling between the gate field and the channel, compared to bottom-gate TFTs.^[@ref41],[@ref42]^ As expected, PMMA-based PbS CQD TFTs exhibit a strong n-channel character with good current modulation characteristics, good saturation, and, unlike SiO~2~-based devices, negligible operational hysteresis ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b,c). The improved PbS CQD/PMMA channel interface results in a higher electron mobility value of 0.48 cm^2^ V^--1^ s^--1^, most likely a direct result of the improved dielectric/channel interface due to the reduced interfacial traps concentration.

![(a) Three-dimensional (3D) schematic illustration of top-gate PbS CQD TFTs prepared by FLA utilizing PMMA and ion gel as the gate dielectrics. (b) Transfer and (c) output characteristics of PbS CQD TFTs with PMMA gate dielectric. (d) Transfer and (e) output characteristics of PbS CQD TFTs with the ion-gel gate dielectric. The geometric capacitance of the ion-gel gate dielectric and the linear fitting used to calculate the electron mobility are shown in [Figures S11](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c06306/suppl_file/am0c06306_si_001.pdf).](am0c06306_0005){#fig5}

Despite the improved electron mobility, the operating voltage of the PMMA-based PbS CQD TFTs remains high, in the range of −40 to 60 V, due to the low dielectric permittivity of PMMA (≈3.0) ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b,c). To address this issue, we fabricated TG-BC transistors using a solution-processed ion-gel gate dielectric composed of an ionic liquid and poly(vinylidene fluoride)-hexafluoropropylene (PVDF-HFP) mixture ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a). The high geometrical capacitance (\>1 μF/cm^2^; see [Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c06306/suppl_file/am0c06306_si_001.pdf)) of the ion-gel dielectric^[@ref47]^ results in a dramatic reduction in the TFT's operating voltage to −0.3 to 1.2 V ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d). Besides, devices exhibit a high channel current on/off ratio of 10^6^, a high electron mobility value of 3.74 cm^2^ V^--1^ s^--1^ (calculated using the experimentally measured geometrical capacitance---at 40 Hz---of the dielectric and the linear fit shown in [Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c06306/suppl_file/am0c06306_si_001.pdf)), and good channel current saturation ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}e). The notable electron mobility increase is most likely attributed to screening of electron traps by the excess number of electrons induced by the gate field due to the enhanced capacitive coupling between the gate and the transistor channel in agreement with previous studies.^[@ref2],[@ref23]^

To put the aforementioned transistor performance metrics into prospective, we have attempted to compare key device characteristics, namely, dielectric material, channel current on/off ratio, and electron mobility, extracted from our photonically processed PbS CQD transistors, with previously reported data for PbS transistors ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). Evidently, FLA enables the development of PbS CQD TFTs with operating characteristics on par with, if not better than, state-of-the-art devices reported previously. Besides performance, FLA offers the ability for rapid thermal processing of PbS CQDs while maintaining their low dimensionality, which could potentially enable its use to other device applications and material systems, including higher-electron-mobility CQDs such as those based on PbSe.

![Comparison of electron mobility (μ~e~) and channel current on/off ratio reported for PbS QD TFTs based on different gate dielectrics during the past 10 years.^[@ref2],[@ref4],[@ref21],[@ref26],[@ref27],[@ref30],[@ref48]−[@ref55]^ The projection of each data point on the 2D plane of μ~e~, current on/off ratio, and publication year are also shown in their corresponding colors.](am0c06306_0006){#fig6}

Conclusions {#sec3}
===========

In conclusion, we have reported on the application of flash lamp annealing for post-deposition treatment of PbS CQDs in the millisecond time scale using a xenon flash lamp. The method is rapid, simple, highly scalable, and allows for efficient sintering of PbS CQD layers without compromising the quantum confinement of the dots, while simultaneously reducing the organic residues (insulating ligands, etc.) in the layer. Transistors based on photonically processed PbS CQD layers exhibit a maximum electron mobility of 0.2 cm^2^ V^--1^ s^--1^, a value significantly higher than that obtained for control devices prepared via conventional thermal annealing. Combining the FLA PbS CQDs with polymeric and ion-gel gate dielectrics results in transistors with even higher electron mobilities of 0.48 and 3.74 cm^2^ V^--1^ s^--1^, respectively, bringing the performance of our devices on par with the current state-of-the-art PbS CQD transistors. The present work highlights the tremendous potential of FLA for the rapid post-deposition processing of PbS CQDs and their application in large-area electronics. To this end, the method provides a simple and highly scalable alternative to traditional thermal annealing and could be extended to other material systems (e.g., PbSe, CdSe/ZnS) and devices, a few examples of which include light-emitting diodes, solar cells, photodetectors, and thermoelectrics.

Methods {#sec4}
=======

Material and TFT Preparation {#sec4.1}
----------------------------

As substrates, n-doped Si^++^/SiO~2~ with lithographically patterned interdigitated ITO/Au (10/30 nm) electrodes were used. The thickness of the SiO~2~ gate dielectric was 230 nm with channel length and width of 20 μm and 1 cm, respectively. CQDs (≈3 nm in diameter) were synthesized following previously reported methods.^[@ref56]^ In brief, 0.18 g (1 mol) of bis (trimethylsilyl)sulfide (TMS) was added to 10 mL of 1-octadecene (ODE) that had been dried and degassed by heating to 80 °C under vacuum for 24 h. A mixture of OA (1.34 g, 4.8 mmol), PbO (0.45 g, 2.0 mmol), and ODE (14.2 g, 56.2 mmol) was heated to 95 °C under vacuum for 16 h and placed under Ar gas. The flask temperature was increased to 120 °C, and the TMS/ODE mixture was injected. After injection, the flask was allowed to cool gradually to 35 °C. The CQDs were precipitated using distilled acetone (50 mL) and centrifuged. The supernatant was discarded, and the precipitate was redispersed in toluene. The CQDs were precipitated again using methanol (20 mL), centrifuged (5 min), dried, dispersed in octane (50 mg mL^--1^), and transported into a nitrogen glovebox (oxygen below 2 ppm and moisture below 10 ppm). The CQD film deposition and ligand exchange (LE) were performed using a layer-by-layer (LbL) sequential method. The first thin semiconducting layer was deposited by spin-casting 2 mg/mL of the CQD solution in hexane at 1000 rpm for 30 s. The LE process was done by soaking the OA-capped CQD films in a 20 mM methanol solution of methylammonium iodide (MAI) for 30 s before then being spin-dried at 1000 rpm for 30 s. Two washing steps with pure methanol were used to remove ligand excesses for 10 s. The films were then spin-dried at 1000 rpm for 30 s. Another two thicker CQD films were formed by spin-casting 20 mg/mL of the CQD solution in hexane at 1500 rpm for 30 s. The LE process was conducted following a similar procedure to that described above. All of the processes were performed in a N~2~-filled glovebox. The final thickness of the deposited CQD films was ≈60 nm, as revealed by ellipsometry measurement. For the FLA process, the devices were put inside an isolated chamber to avoid ambient air exposure before they were then placed inside the FLA chamber. The devices were exposed with 300 μs pulse light from a xenon lamp with energy densities ranging from 2.2 to 4 J cm^--2^. Top polymer gate dielectric films were deposited after performing FLA on CQD films. PMMA films were deposited by spin-coating 50 mg/mL of PMMA solution in ethyl acetate at 3000 rpm for 40 s. Ion-gel formulation was prepared by first dissolving poly(vinylidene fluoride)-*co*-hexafluoropropylene (PVDF-HFP) in *N*,*N*-dimethylformamide (DMF, 80 mg/mL) and leaving the solution under stirring at 80 °C for at least 3 h. An ionic liquid based on 1-hexyl-3-methylimidazolium bis(trifluormethylsulfonyl)imide (HMIM-TFSI) was mixed with the DMF solution of PVDF-HFP with a weight ratio of 1:4 (HMIM-TFSI/PVDF-HFP). The ion-gel solution was spin-coated at 1000 rpm for 60 s. The polymer gate dielectric films were then subjected to thermal annealing at 95 °C to remove residual solvents. Finally, aluminum and gold (100 nm) were evaporated as gate electrode on top of PMMA and ion-gel films, respectively.

Optothermal Simulations {#sec4.2}
-----------------------

A transfer matrix method (developed in-house) was used to model light propagation and absorption distribution within the device. A finite element method (COMSOL Multiphysics) was used to model heat dissipation (conduction and convection) and extract the temperature transients in the device stack.

Film Characterization {#sec4.3}
---------------------

The electrical characteristics of the TFT devices were measured using a Keysight B2912A precision/measure unit connected to a probe station in a glovebox. The electron mobility of the devices in the linear regime was estimated using gradual channel approximation ([eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}). The film thickness was measured using a Tencor profilometer. The optical constants (refractive index and extinction coefficient) for the CQD films were collected by variable-angle spectroscopic ellipsometry (VASE) with an M-2000 ellipsometer (J.A. Woolam Co., Inc). All VASE measurements were performed on PbS CQD films spin-cast atop Si^++^(500 μm)/SiO~2~(50 nm), with the incident angle being varied from 50 to 80° in 5° steps relative to the sample. The software CompleteEASE (J.A. Woolam Co., Inc.) was used to process all collected data, and the optical constants were inferred from the B-splines model. The morphology of the CQD films was measured using atomic force microscopy (Solver Next SPM from NT-MDT) and SEM (Carl Zeiss Auriga with EDS Bruker Nano XFlash Detector 410-M). The XPS measurements were performed on a Kratos Axis Supra instrument equipped with a monochromatic Al Kα X-ray source (*hν* = 1486.6 eV) operated at a power of 150 W and under UHV conditions in the range of ≈10^--9^ mbar. All spectra were recorded in hybrid mode using electrostatic and magnetic lenses and an aperture slot of 300 μm × 700 μm. The survey and high-resolution spectra were acquired at fixed analyzer pass energies of 80 and 20 eV, respectively. The samples were mounted in floating mode to avoid differential charging. Therefore, XPS spectra were acquired using charge neutralization.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsami.0c06306](https://pubs.acs.org/doi/10.1021/acsami.0c06306?goto=supporting-info).Spectroscopic ellipsometry measurements, operating characteristics of thermally annealed transistor, electron trap analysis, coupled optothermal simulations of FLA PbS QDs transistors, atomic force measurements, SEM measurements, photoluminescence measurements, XPS measurements, energy-dispersive X-ray spectroscopy (EDX) analysis of FLA samples, and capacitance-frequency analysis of the gate dielectric (Figures S1--S11) ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c06306/suppl_file/am0c06306_si_001.pdf))
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